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The recombination dynamics of a transition metal redox system monitored by femtosecond pump-probe spectroscopy are shown to be sensitive to high magnetic fields at times shorter than 10 picoseconds. The effect, based on coherent population beats of different spin states, is quantitatively accounted for and allows direct access to spin relaxation rates far beyond the time resolution of the fastest electron paramagnetic resonance technique. The presence of this ultrafast magnetic field effect helps in understanding complex reaction schemes in transition metal chemistry, which occur in a wide range of fields, such as bioinorganic chemistry and catalysis.
Magnetic field effects on the kinetics of radical pair (RP) recombination processes are well-established phenomena in molecular photochemistry (1) . These effects are based on the principle of spin conservation in elementary chemical reactions and on the hyperfine and Zeeman interactions that affect the spin states of the RP. The hyperfine interaction in organic RPs induces transitions between the RP's spin states (one singlet S and three triplet states T ϩ , T 0 , and T Ϫ ). In an external magnetic field the Zeeman splitting removes the degeneracy of two triplet levels (T ϩ and T Ϫ ) with the singlet state, thus reducing singlet-triplet mixing (2) . The saturation field of such effects is determined by the magnitude of the hyperfine interaction, which is ϳ0.005 T (1 T ϭ 10 4 gauss) in organic RPs. This field range also determines the time scale for these effects to evolve, which is ϳ10 ns (3, 4 ) . In this regime, magnetic field effects have been successfully used to separate spin processes and elementary chemical processes such as electron transfer (ET) and bond formation (5-7 ).
Here, we report an ultrafast magnetic field effect on the recombination of an RP containing a transition metal component that occurs in less than 10 ps in fields of several teslas. Using femtosecond pumpprobe spectroscopy and an optical superconducting magnet (8) we investigated the RP generated from ethylferrocene (Fc) and oxazine 1 in its first excited singlet state ( 1 Ox ϩ *) in acetonitrile solution (9) at 298 K. Analogous to the closely related N,Ndimethylmethylferrocene-methylene blue photo-redox system (10), 1 Ox ϩ * accepts an electron from the neutral Fc. At high concentrations of Fc, the forward ET measured in stimulated emission from 1 Ox ϩ * is ultrafast (time constant ϳ200 fs) and follows essentially monoexponential kinetics. The recombination monitored by the recovery of Ox ϩ shows multiexponential kinetics in zero field (Fig. 1) . The dominant process proceeds with a time constant of ϳ1 ps, a sizeable fraction decays with a time constant of ϳ13 ps, and a small, longlived contribution has a characteristic time of ϳ130 ps that is responsible for the offset in Fig. 1 . This rather complex behavior can be attributed to the transition metal component (Fc ϩ• ) in the RP. Replacing it by the cation of N,N-dimethylaniline results in a nearly monoexponential decay independent of magnetic fields (Fig. 2) .
Magnetic fields of several teslas affect the recombination of the Fc ϩ• -containing RP (Fig. 1 ). The general effect at short times is to slow down the recombination. With increasing magnetic field the effect increases and its onset moves to earlier times. For the largest field applied, the magnetic field effect reaches its maximum at 2 ps. At longer times a cross-over behavior is observed, implying that, in contrast to the behavior at short times, increasing magnetic fields accelerate the recombination.
Qualitatively, the observed effects are accounted for by the following reaction scheme:
Generation of the RP by the singlet precur- 
, a process that is determined by the extremely fast paramagnetic relaxation of Fc ϩ• , for which the (longitudinal and transversal) spin relaxation time s is on the order of a few picoseconds (11) . The rate constant k R characterizing the rate of multiplicity change in the RP corresponds to 1/(4 s ). Thus, although the initial recombination rate constant of the RP is high, because of this stochastic spin process, the RP multiplicity develops toward a 1: 3 singlet:triplet equilibrium, and the overall recombination rate constant slows down.
A magnetic field splits the triplet levels. In contrast to the hyperfine-dominated spin processes in organic RPs, this splitting does not affect the paramagnetic relaxation, which is probably dominated by an Orbach-type spin-orbit coupling mechanism (12, 13) . On the other hand, the magnetic field induces a ⌬g-dependent mixing of the S and T 0 RP states, leading to coherent S 7 T 0 transitions with an angular frequency of
where B 0 is the magnetic induction, B is Bohr's magneton, and ⌬g is the difference of the g values of Fc ϩ• and Ox • . For the latter, g is close to the value of the free electron, whereas for the former, g is a strongly anisotropic tensor so that the actual g value depends on the orientation of the axis of Fc ϩ• relative to the field, which leads to a distribution of ⌬g values spanning a range between Ϫ0.7 and 2.4 (15) . With ͉⌬g͉ on the order of 1, Eq. 1 yields S 7 T 0 oscillation periods on the order of 1 ps in a magnetic field of 10 T. Consequently, population beats of the RP states are expected to occur on the same time scale as the spin-allowed RP recombination process. Of course, these population beats will modulate the rate of recombination. Analogous kinetic effects on the nanosecond time scale or longer have been observed for the recombination of RPs in solution and proteins (16 -19) .
For a quantitative simulation of the observed kinetics, we made use of the stochastic Liouville equation formalism as specified by Steiner and Bü rßner (14, 20) , which has been applied to ferricenium systems (21) . Before this study experimental verification of the formalism was confined to reaction yield modulations. The experiments presented here allow for a timedependent test of this model. Its features are as follows (Fig. 3): 1) The RP is described by using a basis set of four effective spin states SЈ, TЈ 0 , TЈ ϩ , and TЈ Ϫ wherein the effective spin is quantized along the main g tensor axis of Fc ϩ• . 2) Because of the spin-selectivity rule for ET, it is assumed that the initial populations of the states created in the forward ET correspond to their p s,i values and that the depletion of the states due to recombination proceeds with rate constants p s,i k ET , where k ET is the rate constant of the fully spin-allowed recombination. 3) The relaxation operator that describes relaxation among the four states is uniquely defined in terms of the field-independent paramagnetic relaxation time s of Fc ϩ• as the only parameter.
4) The kinetic effect of an external magnetic field follows entirely from the action of the Zeeman Hamiltonian operator, which is determined by the g tensors of the two radicals. It must be noted that because of the distribution of singlet character over the states, the recombination rate is not only modulated by SЈ 7 TЈ 0 coupling but also by TЈ 0 7 TЈ Ϯ and SЈ 7 TЈ Ϯ couplings.
At zero field, most of the RP population initially resides in SЈ, which decays with a characteristic time of ϳ1 ps, mostly to the ground states of the reactants but partially to the TЈ states. The decay of the latter either directly (in case of TЈ 0 ) or indirectly via SЈ or TЈ 0 (in case of TЈ Ϯ ) is considerably slower.
For the maximum field of 8.9 T, the calculated time profiles exhibit population beats corresponding to a net transfer of the population from reactive states to nonreactive and then back. These population beats cause the observed magnetic field effect of the recombination. The beat frequencies and the states coupled depend on the orientation of the Fc ϩ• with respect to the field. A parallel Fc ϩ• axis results in SЈ 7 TЈ 0 oscillations, whereas a perpendicular one yields SЈ 7 TЈ Ϯ and TЈ 0 7 TЈ Ϯ beats. Summation over all orientations is responsible for the wide range of Fourier components encountered here.
The experimental data were analyzed by fitting this model to the zero-field kinetics (22), the recombination rate constant k ET and the spin relaxation time s being the only free parameters. These values can be used to predict the kinetics at arbitrary fields. Comparison of the predictions with the experimentally observed magnetic field effect (Fig. 4) shows almost quantitative agreement with respect to the amplitude of the magnetic field effect and the crossing feature at ϳ7 ps between the two sets of curves. This emphasizes the validity of the determined parameter values of k ET and s . We determined the value for the recombination rate constant k ET to be 1.3 ps Ϫ1 , yielding ET lifetimes of SЈ and TЈ 0 of 0.9 and 4.3 ps, respectively. The paramagnetic relaxation time s of Fc ϩ• was determined to be 6.5 ps, which compares well with indirect results from nuclear magnetic resonance line-broadening measurements (11) .
This observation of a magnetic field effect in ultrafast spectroscopy demonstrates that in RPs involving paramagnetic transition metal complexes, magnetic field effects can be observed on time scales three to four orders of magnitude shorter than in organic RPs. Moreover, this effect provides insight to the nature of the multiexponential kinetics resulting from the interplay between ET and spin processes. Thus, it provides a basis for accurate determination of ET rate constants and of paramagnetic relaxation times not measurable with paramagnetic resonance techniques. Furthermore, this spectroscopy might be used to identify RP-type intermediates in transition metal-containing reaction systems important in bioinorganic chemistry and in homogeneous catalysis.
